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Abstract 
The ecological water requirement of grassland in the year 2009 in Ili river basin in growing season is calculated according to 
multi-source remote sensing data, including MODIS products (Land Surface Temperature, Leaf Area Index, and emissivity), 
Global Land Data Assimilation System (GLDAS)-wind speed, monthly mean air temperature, GLDAS-daily maximum and 
minimum air temperature, STRM-DEM and MERIS land cover product. Radiation estimation method in SEBS model, the FAO- 
recommended Penman-Monteith formula and single crop coefficient method are adopted to calculate net solar radiation, 
reference evapotranspiration and crop coefficient, respectively. The results show that ecological water requirement of grassland 
in April is the lowest, about 2.90 mm/day, while that in July reached its peak value, about 4.66 mm/day. Except the result in May, 
the ecological water requirement at east side is higher than other sides of the river basin. The analysis on obtained results reveals 
that multi-source remote sensing data can be effectively used instead of observed data to estimate ecological water requirement in 
arid and semi-arid region where meteorological and hydrological data are nearly ungauged. 
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1. Introduction 
Water problem is the most serious natural resource and environmental problems of the 21st century[1]. Ecological 
imbalance which dues to shortage of water resources, soil erosion, and mismanagement of water resources affects 
survival of human beings, especially in arid and semi-arid regions, western China[2] . Studying ecological water 
requirement in the region contributes to help understand the severity of ecological imbalance. Especially, the supply 
of water requirement by vegetation determines the development of eco-environment becoming better or worse[3]. 
There are plenty of works carried out to study ecological water requirement in arid and semi-arid area in China since 
1990s. The studies focus on ecological water requirement of riverside ecosystem[4][5], and according to the 
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conception of ecological water requirement of vegetation and many kinds of methods of evaluation, multiple of 
results about ecological water requirement of vegetation have been evaluated in many different river basin, such as 
Shiyang river basin[6], Heihe river basin[7], Yellow river basin[8][9]. 
Because of the restriction from natural conditions of western arid and semiarid regions, it is difficult to obtain 
sufficient meteorological and hydrological data in-situ[10]. Therefore it is impossible to study ecological water 
requirement in river basin scale only depending on observed meteorological and hydrological data. Remote sensing 
data can help to deal with the problem. 
In this study, monthly ecological water requirement of grassland in the year of 2009 in Ili river basin in growing 
season is calculated according to multi-source remote sensing data, including MODIS products (Land Surface 
Temperature, Leaf Area Index, and emissivity), GLDAS-wind speed, GLDAS-monthly mean air temperature, 
NCAR-daily maximum and minimum air temperature, STRM-DEM and MERIS land cover product. The FAO- 
recommended Penman-Monteith formula and dual crop coefficient method are adopted to calculate reference 
evapotranspiration and crop coefficient, respectively. The validity and accuracy of the calculated results are verified 
by observation data obtained from a Bowen Ratio observation System sited on grassland in the river basin. 
2. Methods 
2.1. Study area and data sources 
In this paper, the Ili river Basin is chosen as the study area, which located at the North side of Tianshan Mountain 
in the region of 80º E-85º E, 42º N-45º N, with an area of 56,200km2. Ili river is a key conduct that connects China 
and mid- Asia Countries. The regulation of the river affects the ecological and environmental situation of North 
Western of Xinjiang province. In recent years, the grassland area of the landscape has degraded dramatically, for the 
blind farming and unreasonable use of water recourses. The grassland area is reduced 1733,200 nm2 and yearly 
water loss and soil erosion is about 1,480,000 m3 for nearly 20 years[11].   
Available data for the grassland of Ili river basin are limited because there are only three national weather 
stations that provide long time observation. In the absence of more detailed monitoring, remote sensing data are 
adopted to deal with the problem in the study. To supplement the shortage of data in evaluating grassland water 
requirement, we obtained many kinds of remote sensing data and products as input data in calculating reference crop 
evapotranspiration.  
The study uses MODIS data (Terra\MODIS), including MOD11A1 (Land surface temperature/Emissivity), 
MOD15A2 (Leaf area index), to calculate solar radiation and crop coefficient on river basin scales. While Global 
Land Data Assimilation System (GLDAS) products are adopted to obtain monthly air temperature/ wind speed and 
daily maximum and minimum air temperature, and then evaluate reference evapotranspiration. Additionally, MERIS 
land cover product (300m) is used to extract land use type. 
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Fig. 1. Study area-Ili river basin 
2.2. Meteorological data and processing 
Meteorological data is required as the estimation operates at a monthly step. Because of lack of necessary 
meteorological and hydrological data from meteorological stations, including mean temperature, mean maximum 
and minimum air temperature, average wind speed, we use remote sensing products to assist the preparation of 
meteorological data. Global Land Data Assimilation System (GLDAS) products provide remote sensing data set 
which contains 116 points of data in this area (Figure 2) with revolution of 25km. 
 
 
 
Fig. 2. Layout of GLDAS data sets in Ili river basin 
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2.3. Grassland water requirement estimation 
The potential ecological water use was affected by climatic factors, vegetation status. On the basis of Food and 
Agriculture Organization (FAO) crop coefficient method, the methods of calculating the potential ecological water 
use is established as follows[12] : 
 
 ൌୡ ൈ ଴       ሺͳሻ
 
Where WP is the ecological water requirement of Grassland (mm); ET0 is the ecological water requirement under 
the reference crop (mm) which reflects the climatic effect on the ecological water use, Kc is the plant coefficient 
which reflects the vegetation conditions 
Plant water requirement under the reference crop is potential evapotranspiration under certain climatic conditions, 
which related only with local climate conditions and calculated by FAO- recommended Penman-Monteith formula 
according to meteorological dataset[13]. 
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Where ET0 is reference crop evapotranspiration;οis the curve slope of saturated vapor pressure at T Ԩ(kPaԨ-1);  
R is the net radiation(MJm-2); G is the soil heat flux(MJm-2)ˈwhich is ignored in this study; ɀ is the psychometric 
constant(0.665ൈ ͳͲିଷkPa Ԩ-1);T is the monthly mean temperature(Ԩ); U2 is the wind speed at 2 m high(ms-1); es is 
the saturated vapor pressure at T Ԩ(kPa); and ea is the actual water vapor pressure(kPa). 
2.4. Net solar radiation (R) and Soil heat flux estimation 
2.4.1. Net solar radiation (R) 
Net solar radiation (R) is a key factor in calculating ET0. It’s not only one of the most important components of 
energy exchange between earth land and atmosphere, but also a main source that drives evapotranspiration. 
Traditional method is especially limited due to lack of access to the necessary meteorological and hydrological data. 
This study use remote sensing inversion data to estimate net solar radiation at river basin scale. The method in SEBS 
model is adopted[14]:  
 
 ൌ ሺͳ െ Ƚሻୱ୵ୢ՝ ൅ ɂ଴୪୵ୢ՝ െ ɂ଴ɐୱସ     ሺ͵ሻ
 
Where R is net solar radiation (MJm-2); Ƚ is surface albedo; ୱ୵ୢ՝ is incoming shortwave radiation [MJ m-2]; 
୪୵ୢ՝ is incoming long wave radiation [MJ m-2]; ε଴ is surface emissivity; ɐ is Stefan-Boltzman contant ሺͷǤ͸͹ͺ ൈ
ͳͲି଼ିଶିସሻ, ୱସ is surface temperature (K). 
ሺε଴ሻ can be calculated by using a nonlinear formula[15]: 
 
ε଴ ൌ ͲǤʹ͹͵ ൅ ͳǤ͹͹εଷଵ െ ͳǤͺͲ͹εଷଵεଷଶ െ ͳǤͲ͵͹εଷଶ ൅ ͳǤ͹͹Ͷεଷଶଶ     (4) 
 
Where εଷଵand εଷଶ are  of the 31st band and the 32nd band, respectively. is 
obtained by MOD11A1 (Land surface temperature/Emissivity) data. 
According to FAO Irrigation and drainage paper 56, when estimating reference crop evapotranspiration, the 
reference surface is defined as reference grass with a fixed surface albedo of 0.23. The reference surface closely 
resembles an extensive surface of green, well-watered grass of uniform height, actively growing and completely 
shading the ground. The study sets 0.23 as uniform surface albedo to estimate ET0. 
The approach to estimate incoming shortwave radiationୱ୵ୢ՝ is shown as follows [16]: 
 
ୱ୵ୢ՝ ൌ
୍బதୡ୭ୱ୸
ୖమ        ሺͷሻ
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Where I0 is solar constant (1367 W m-2); ɒ is short wave atmospheric transmittance; Z is solar zenith angle (rad); 
ͳȀଶ is revised factor of the distance between earth and sun.  
Incoming long wave radiation ୪୵ୢ՝ can be calculated as follows: 
 
୪୵ୢ՝ ൌ  ɂୟɐሺୟ ൅ ʹ͹͵Ǥͳͷሻସ     ሺ͸ሻ
 
Where Ta is monthly mean air temperature (Ԩ), εୟ is long wave atmospheric transmittance, can be calculated as 
follows:  
 
ɂୟ ൌ ͻǤʹ ൈ ͳͲି଺ሺୟ ൅ ʹ͹͵Ǥͳͷሻଶ     ሺ͹ሻ
 
Where Ta is monthly mean air temperature (Ԩሻ 
 
2.4.2. Soil heat flux (G) 
When the soil is warming (spring) or cooling (autumn), the soil heat flux (G) for monthly periods may become 
significant relative to the mean monthly R. In these cases G cannot be ignored and its value should be determined 
from the mean monthly air temperatures of the previous and next month. The calculation procedure is shown as 
follows: 
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Where ୫୭୬୲୦ǡ୧ is mean air temperature of month i (°C); ୫୭୬୲୦ǡ୧ିଵ is mean air temperature of previous month (°C) 
 
2.5. Vapor pressure estimation 
2.5.1. Saturation vapor pressure (es) 
As saturation vapor pressure is related to air temperature, it can be calculated from the air temperature. Equation 
8 shows the method to estimate Saturation vapor pressure (es): 
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Where Tmax, Tmin are monthly maximum and minimum air temperature (°C), respectively. 
 
2.5.2. Actual vapor pressure (ea) 
Actual vapor pressure (ea) has a good correlation with dewpoint temperature, dry bulb temperature, wet bulb 
temperature or relative humidity. Since it is difficult to obtain these data, this study adopted the FAO recommended 
method that using minimum air temperature estimate actual vapor pressure (ea) instead of dewpoint temperature.  
 
ୟ ൌ ͲǤ͸ͳͲͺ  ቂ
ଵ଻Ǥଶ଻୘ౣ౟౤
୘ౣ౟౤ାଶଷ଻Ǥଷ
ቃ     ሺͳͲሻ 
However, particularly for arid regions, the air might not be saturated when its temperature is at its minimum. 
Hence, Tmin might be greater than dewpoint temperature and a further calibration may be required to estimate 
dewpoint temperatures. In these situations, Tmin may be better approximated by subtracting 2-3 °C from minimum 
air temperature. In the study, the Tmin is subtracted 3 °C from minimum air temperature as dewpoint temperature.  
Additionally, slope of saturation vapor pressure curve (ο) is also estimated by air temperature. Equation 8 shows 
the method to estimate slope of saturation vapor pressure curve (ο):  
 
οൌ ସ଴ଽ଼ሾ଴Ǥ଺ଵ଴଼ୣ୶୮ሺ
భళǤమళ౐౗
౐శమయళǤయሻሿ
ሺ୘౗ାଶଷ଻Ǥଷሻమ
      ሺͳͳሻ
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Where Ta is mean monthly air temperature (Ԩሻ.  
In this study, the plant coefficient was determined by the method of plant coefficient calculation under non-
complete coverage of natural vegetation of FAO [12]. 
 
2.6. Plant coefficient 
Kc in growing season can be calculated as follows [12]: 
 
ୡ ൌ ୡୠ ൅ ͲǤͲͷ      ሺͳʹሻ
 
Where Kc is the plant coefficient in growing seasonˈKcb is the basic plant coefficient under non-complete 
coverageˈcan be calculated as follows˖ 
 
ୡୠ ൌ ୡୠ୫୧୬ ൅ ሺୡୠ୤୳୪୪ െ ୡୠ୫୧୬ሻ ൈ ሺͳǡ ʹ ൈ ୡୣ୪୪
ଵȀሺଵା୦ሻሻ    (13) 
 
Where Kcbmin is the minimum plant coefficient on bare land without plants (0.15-0.20); Kcbfull is the basic plant 
coefficient under complete coverage (LAI>3); h is the vegetation height (m); fcell is the effective vegetation coverage. 
 
ୡୠ୤୳୪୪ ൌ ୡୠǡ୦ ൅ ሾͲǤͲͶ ൈ ሺଶ െ ʹሻ െ ͲǤͲͲͶሺ୫୧୬ሻሿ ൈ ሺ
୦
ଷሻ
଴Ǥଷ
   (14) 
 
Where Kcb,h is Kcb under complete coverage and conditions of standard moisture and wind speed (RHmin˙45% 
and U2=2m/s); U2 is the average wind speed at 2m high in the growing season˗RHmin is the average minimum 
relative humidity in growing season(%); h is the average maximum vegetation height(m). Kcb, h can be calculated as 
follows˖ 
 
ୡୠǡ୦ ൌ ͳǤͲ ൅ ͲǤͳ ൈ  ൑ ʹ
ୡୠǡ୦ ൌ ͳǤʹ ൐ ʹ݉     (15) 
 
Relative humidity (RH) can be calculated as follows: 
 
 ൌ ͳͲͲ ൈ ୣ౗ୣ౩     ሺͳ͸ሻ
3. Results and discussion 
3.1. Meteorological data 
Based on the data set, the spatial interpolation method-Inversion Distance Weight interpolation-was used to 
generate a raster-format consecutive plane data with a resample resolution of 1km. IDW Method is good at 
estimating unobserved points and having a high estimation precision. The results of interpolation are presented in fig. 
3. 
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Fig. 3. Monthly mean air temperature (Ԩ) 
Based on the method of interpolation, mean maximum air temperature, minimum air temperature and average 
wind speed data sets are also obtained from April to September 2009. The study uses observed data from a national 
weather station in the river basin to validate the data. The results are shown in Table 1. 
 
Table 1. Comparison between air temperature from remote sensing data and weather stationሺԨ). 
Date Mean air temperature 
GLDAS data/weather station 
Maximum air temperature 
GLDAS data/weather station 
Minimum air temperature 
GLDAS data/weather station 
200904 4.65/5.7 8.10/13.44 -3.9/-0.03 
200905 9.23/12.7 15.0/19.52 0.87/7.08 
200906 13.5/14.48 18.73/21.35 9.20/8.57 
200907 16.2/15.6 21.50/22.35 8.0/10.3 
200908 15.77/15.89 20.0/23.13 11.45/10.36 
200909 10.58/10.09 14.73/17.17 7.18/4.64 
 
The results in Table 1 show that (1) the mean air temperature values of GLDAS data are close to observed data of 
the weather station; (2) Maximum air temperature values are about 3Ԩ less than observed data; (3) From June to 
August, the minimum air temperature values are close to observed data, while the values are far less than observed 
data in April to May; (4) the three kinds of data in each monthly are generally close to the observed data, except data 
of April and May. The values in this two month are far less than observed from mean air temperature to minimum 
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air temperature. From the analysis, the study adjusts maximum air temperature and values of April and May by 
adding 3Ԩ, simultaneously. 
3.2. Land cover and grassland extraction 
Satellite imagery enabled us to quantify the land use type. From MERIS land cover product we obtained the land 
cover image of Ili river basin (fig. 4). A primary statistic is shown in table 2. According to the land cover and 
statistic data, we extract the area of grassland to estimate its ecological water requirement.  
 
   
Figure 4. Land cover of Ili river basin 
Table.2 The proportion of each land cover type  
Land cover Area(km2) Proportion (%) 
Farmland 13,207 23.5% 
Woodland 9778.8 17.4% 
Grassland 28,324.8 50.4% 
Ice and snow 3934 7% 
Wetland 955.4 1.7% 
 
Fig. 4 and Table.2 show that the land cover types include water area, farmland, woodland, grassland, wetland and 
ice and snow. Grassland occupies approximately half of the whole area. And farmland is the second largest land 
cover type in this area.  
3.3. Ecological water requirement 
Through data preparation and using FAO recommended Penman-Monteith formula, the reference crop 
evapotranspiration in growing season was studied; the plant coefficient was determined by the method of plant 
coefficient calculation under non-complete coverage of natural vegetation of FAO; finally obtained the ecological 
water requirement of grassland in Ili river basin (Figure 5) and an analysis of each monthly data in table 3. 
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Fig. 5. Land cover of Ili river basin  
Table.3 Mean ecological water requirement of each month 
Month Mean ecological water requirement (mm/day) 
April 2.90 
May 4.14 
June 4.47 
July 4.66 
August 4.17 
September 3.35 
 
 
Fig. 5 and Table 3 represent that generally, ecological water requirement of grassland in April is the lowest, about 
2.90 mm/day, while that in July reached its peak value, about 4.66 mm/day. Except the value in May, the ecological 
water requirement at east side is higher than other sides of the river basin.  
3.4. Results validation 
The validity and accuracy of the calculated results are verified by observation data in August and September of 
2009 obtained from a Bowen Ratio observation System and HOBO automatic weather station sited on grassland in 
the river basin. Bowen Ratio observation System directly provided net solar radiation data and soil heat flux data, 
while HOBO automatic weather station observed air temperature, relative humidity, and wind speed at 2 meters. 
From the results of ecological water requirement in table 3, the simulated results of August and September are 
3.71089 and 2.70118 compared with 3.70118 and 2.5790 obtained by observed data, respectively. Simulated 
ecological water requirement by remote sensing data in August is 0.10651 mm day-1 less than simulated result by 
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observed data. Meanwhile Simulated ecological water requirement by remote sensing data in September is 0.12218 
mm day-1 more than simulated result by observed data. 
From the validation results, we can see that the results estimated by remote sensing data are close to the results 
estimated by observed data. The error of maximum and minimum air temperature usually determines the error of 
final results since mean air temperature and wind speed is almost equal to observed data. 
4. Conclusion 
With global climate change, making deeper understanding of the situation of ecological water requirement of 
grassland in arid and semi-arid area can help to obtain more reference information about grassland degradation. 
Facing the challenge of lacking necessary meteorological and hydrological observed data to estimate ecological 
water requirement, the study introduced one way that using multi-source remote sensing data, like MODIS and 
GLDAS products, to replace observed data to estimate ecological water requirement. After validation, our results 
demonstrate that MOD11A1 (Land surface temperature/Emissivity), MOD15A2 (Leaf area index) and GLDAS (air 
temperature/ wind speed), based on radiation calculating methods of SEBS model and the FAO-recommended 
Penman-Monteith formula, was able to simulate the ecological water requirement of grassland of Ili river basin. 
Future research should investigate whether simulating shorter time steps, like 10-day or daily steps, would also 
provide a result with high accuracy. The research should also continue to get more observed data to validate the 
simulated results to enhance the rationality and applicability of the study. 
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